In this paper, we consider a precoder design problem for multiuser interference channel. Most of the conventional schemes for precoder design utilize a signal-to-interference-plus-noise ratio (SINR) as a cost function. However, since the SINR metric of a desired transmitter-receiver pair is a function of precoding vectors of all transmitters in the multiuser interference channel, an analytic closed-form solution is not available for the precoding vector of a desired transmitter that maximizes the SINR metric. To eliminate coupling between the precoding vectors of all transmitters and to find a closed-form solution for the precoding vector of the desired transmitter, we use a signal-to-leakage-plus-noise ratio (SLNR) instead as a cost function because the SLNR at a transmitter is a function of the precoding vector of the desired transmitter only. In addition, channel estimation errors for undesired links are considered when designing the precoding vector because they are inevitable in a multiuser interference channel. In this case, we propose a design scheme for the precoding vector that is robust to the channel estimation error. In the proposed scheme, the precoding vector is designed to maximize the worst-case SLNR. Through computer simulation, we show that the proposed scheme has better performance than the conventional scheme in terms of SLNR, SINR, and sum rate of all users.
Introduction
In multiuser interference channel, there are multiple transmitters and multiple receivers, and each transmitter is intended to transmit information symbols to its intended receiver. Because a signal from a transmitter is received at all unwanted receivers as well as at a desired target receiver, the signal works as interference to the non-target receivers. This kind of interference is one of the major factors affecting performance degradation especially in multiuser interference channels [1] - [10] .
If a transmitter is equipped with multiple transmit antennas, well-known multiple antenna transmission schemes can be applied at the transmitter to reduce interference in the multiuser interference channel. One promising multiple-antenna transmission scheme is a precoding scheme by which information symbols are multiplied by a precoding vector at a transmitter; then transmitted to a receiver [3] - [24] . In [11] and [12] , the authors propose block diagonalization (BD)-based precoding schemes for multiuser interference channel where cochannel multiuser interference is perfectly eliminated at the cost of noise enhancement. However, these schemes impose a critical restriction that the number of transmit antennas must be larger than the number of the sum of receive antennas of all users. In [13] and [14] , the authors propose precoding schemes based on the maximization of the received signal-to-interference-plus-noise ratio (SINR). These schemes do not cause noise enhancement problem and do not require any constraint on the number of transmit antennas. However, the SINR expression of any user is a function of precoding vectors of all users and all precoding vectors should be jointly designed. Due to the coupled property of the precoding vectors in the SINR-maximization-based design, it is impossible to find an analytical closedform solution of the SINR-based precoding vector design problem. The authors in [24] and [25] propose iteration methods to find an optimal precoding vector instead of a closed-form solution.
In order to decouple the joint optimization problems of all precoding vectors into multiple separate optimization problems of only target precoding vector and to find a closed-form solution for the target precoding vector, the authors in [26] propose a signal-to-leakage-plus-noise ratio (SLNR) metric-based precoding vector design scheme for the transmission of a single data stream in multiuser interference channel. Leakage at a transmitter refers to the interference caused by the signal intended for a target receiver to non-target receivers. Since the SLNR of a user is a function of the precoding vector of the user only, it is possible to find an analytical closed-form solution of the precoding vector that maximizes the SLNR metric. In [27] , the authors extend the single stream SLNR based design scheme to multiple-stream transmission case. The precoding matrix for multiple streams of each user are obtained by the multiple-stream SLNR cost function and the generalized eigenvalue decomposition (GED) of the channel covariance matrix and the leakage channel-plus-noise covariance matrix of each user. However, in this scheme, the effective channel gain for each stream can be severely unbalanced and it causes a significant loss in the overall error performance of each user, especially when power control or adaptive modulation and coding cannot be applied. In [28] , the authors present an SLNR-based precoding scheme for multiple-stream transmission case that reduces the margin between the effective SINRs of multiple data streams. By introducing a slight relaxation for pursuing SLNR maximization, they obtain a general form of simultaneous diagonalization of two covariance matrices linked to the user's channel and leakage-plus-noise.
For multiuser interference channel, the SLNR metric for a transmitter is a function of channel vectors between the transmitter and all receivers including unwanted receivers. In the conventional SLNR-based precoder design schemes [26] - [28] , the authors assume that the channel vectors for all links are perfectly known to the desired transmitter. Actually, the channel vector between the desired transmitter and its intended receiver can be easily estimated with good accuracy using reference signals. However, since it is very difficult to accurately estimate the channel vectors between the transmitter and its unwanted receivers, it is more reasonable to assume that there are channel estimation errors in the estimated channel vectors between a transmitter and its non-target receivers. Moreover, in general, the transmitter is not capable of knowing the exact statistics of the channel estimation error.
Contrary to the conventional schemes [26] - [28] , in this paper we assume that the Frobenius norm of the channel estimation error matrix is bounded by some value and that each transmitter is capable of knowing only the boundary value instead of the exact statistics of the channel estimation error matrix. Then, we consider a robust precoder design problem for a multiuser interference channel when there are channel estimation errors in the links between a transmitter and its non-target receivers. To decouple a cost function for designing the precoding vector of a transmitter from the precoding vectors of other transmitters, we use an SLNR metric as a cost function because the SLNR of a transmitter is a function of the precoding vector of the desired transmitter only, and is independent of the precoding vectors of other transmitters. Considering the channel estimation error for the interference link, we propose a precoding vector design scheme that is robust to channel estimation errors and herein derive an optimal closed-form solution by maximizing the worst-case SLNR. Through computer simulations, we show that the proposed scheme has better performance than the conventional scheme in terms of SLNR, SINR, and the sum rate of all users.
The rest of the paper is organized as follows. In Section 2, the system model is described. In Section 3, a robust precoder design scheme for interference channel is proposed by considering channel estimation errors. The simulation results are given in Section 4. Finally, conclusions are presented in Section 5.
Notations: We use bold upper case letters to denote matrices, bold lower case letters to denote vectors. The notations | | ⋅ , || || ⋅ , and || || F ⋅ denote the absolute, 2-norm, and Frobenius norm operations, respectively. Also, ( ) H ⋅ , tr( ) ⋅ , and [ ] E ⋅ denote Hermitian transpose, trace, and expectation operations, respectively. The identity matrix of size M M × is denoted by M I .
The notation max_geig( , )
A B returns the normalized dominant generalized eigenvector of matrix pair ( , ) A B .
System Model
We consider a multiuser interference channel. Fig. 1 shows the system model where there are K transmitters and J receivers. We assume that K is equal to J in multiuser interference channel. The transmitter k transmits information symbols to the target receiver k and its signal works as interference to the non-target receivers. In the figure, TX k and RX j with 1, 2, ,
 mean transmitter k and receiver j, respectively. For simplicity, we assume that each transmitter is equipped with M antennas and each receiver is equipped with a single antenna. One use case of this scenario is Internet of Things (IoT) communications where many IoT devices will be equipped with a single receive antenna each.
The channel vector for the link from TX k to RX j is denoted by , 
where k P is the transmit power at TX k and j z is an additive white Gaussian noise (AWGN)
with zero mean and variance 2 z σ . We assume that k w is normalized as
On the right side of equation (1), the first term is the desired signal for RX j, the second one represents inter-channel interference, and the third one is AWGN.
The SINR at RX j is given by 
In most conventional schemes, the precoding vector j w is designed to maximize SINR j .
However, because SINR j is a function of all precoding vectors, 1 2 , , , K w w w  , all precoding vectors should be jointly designed by considering SINRs of all RXs, the SINR , 1, 2, , j j J =  . Therefore, a closed-form solution for this joint optimization problem is not available and iteration schemes have been proposed to solve the joint optimization problem instead.
One way to isolate the optimization problems to find the precoding vectors is to use SLNR at TX k as a cost function. Leakage represents the interference with non-target receivers caused by a signal intended for a target receiver. The leakage power from TX k to RX j for k j ≠ is expressed by 
where M I is an identity matrix of size M M × . From equation (3), we can observe that SLNR k is a function of k w only and it is independent of n w , 1, 2, , , n K =  n k ≠ . The optimal precoding vector opt 
Therefore, opt k w is given by the generalized eigenvector as follows [26] :
where max_ geig( , ) A B returns the normalized dominant generalized eigenvector of matrix pair ( , ) A B .
Proposed Robust Precoding Vector Design
In this section, we propose a robust precoding vector design scheme in multiuser interference channel considering channel estimation error. From equation (3), we can see that the channel vectors for the links between TX k and all RXs are required to calculate the SLNR at TX k. In general, TX k is able to know the channel vector for the desired link between TX k and RX k with a good accuracy using reference signals transmitted from TX k. However, it is not easy to accurately estimate the channel vector for the interference link between TX k and RX j, j k ≠ . Hence, it is reasonable to assume that TX k is able to know , In this section, by considering the channel estimation error, we propose a precoding vector design scheme that is robust to the channel estimation error. In order to consider channel estimation error for the interference link, we define the average SLNR at TX k by , ,
SLNR [SLNR ]
[ ]
In order to consider the channel estimation error for the link between TX k and RX j, we assume that the true channel vector , 
where , 
In order to apply the Lagrange multiplier method, we modify equation (9) with an equivalent form as follows: 
Now, this optimization problem can be solved using the Lagrange multiplier method [29] . We define the Lagrange multiplier by 2 , , , 
From the equation (12), we obtain opt , , ,
By substituting (14) into (13), we obtain
From equation (14) and (15), we obtain opt , ,
By substituting (16) into (8) 
)
Now, we design the optimal vector k w that maximizes ,min SLNRk . The worst-case optimization problem for k w is given by
The optimal vector k w is obtained by the generalized eigenvector as follows: ( 1) ) .
By applying the Shannon capacity formula, the sum rate of all TXs is given by ( )
where SINR j is obtained by inserting opt j w into (2).
Simulation Results
We performed a computer simulation to compare the performance of the proposed precoder with a conventional scheme [26] that does not consider channel estimation errors. The elements of the channel vectors are generated with independent and identically distributed (i.i.d.) complex Gaussian variables with zero mean and unit variance. For simplicity, we assume that the bound values for the Frobenius norm of the channel estimation error covariance matrices are the same for all transmission links (i.e., ,1
. Moreover, we assume that the number of TXs is equal to that of RXs (that is, 3 K J = = ) and the number of transmit antennas of each TX is 4 M = .
In Fig. 2 , the SLNR performance of the proposed scheme is compared with the conventional scheme [26] for various bound value of the Frobenius norm of Fig. 3 compares the SINR performance of the proposed scheme with that of the conventional scheme [26] when the number of transmitter and receiver pair is 3 K = and the number of transmit antennas is 4 M = . From the figure, we can see that the proposed scheme has better SINR performance than the conventional scheme for all kj ε . We can observe that the performance gap between the two schemes is higher when the error bound value kj ε is larger. This is because the conventional scheme [26] assumes that there is no channel estimation error in the interference channels between the transmitter and its unwanted receivers, but the channel estimation error becomes larger as the error bound value gets larger. On the other hand, the proposed scheme was designed to be robust to the channel estimation error by considering the estimation error bound. Also, we can observe that the performance gap between the proposed scheme and the conventional scheme becomes larger as the received SNR increases. The reason for this is that the channel estimation error of the interference channel is a more dominant factor than the background noise for the performance degradation in high SNR region. Fig. 4 shows the sum rate of all TX-RX links for the proposed scheme and the conventional scheme when the number of transmitter and receiver pair is 3 K J = = and the number of transmit antennas is 4 M = . From the figure, we can observe that the sum rate of both proposed scheme a conventional schemes get worse as the bound value kj ε increases. Also, we can see that the proposed scheme has higher sum rate than the conventional scheme.
Conclusions
In this paper, we treated a precoder design for the interference channel by considering the channel estimation error for the interference link. We proposed a precoder design scheme that is robust to channel estimation errors by maximizing the worst-case SLNR metric. Through the simulation results, we showed that the proposed scheme has better performance than the conventional scheme in terms of SLNR, SINR, and sum rate of all users. 
